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ANALYSIS OF DYNAMIC INL£T DISTORTION APPLIED 
TO A PARALLEL COMPRESSOR MODEL 
by Leon M. Wenzel and Ronald J. Blaha 
Lewis Research Center 

SUMMARY 

An investigation of surge was conducted by usii^ a parallel compressor model of the 
J85-13 compressor implemented on an analog computer. Surges were initiated by var- 
ious types of dynamic disturbances in inlet pressure. The results provide insight into 
the sensitivity of the compressor to unsteady distortion and the manner in which inlet 
pressure data should be treated for experimental distortion analysis. 

The compressor model was less sensitive to disturbances of short dvmation, high 
frequency, and long duration where the compressor discharge pressure could react. 
Adding steady distortion to dynamic disturbances reduced the amount of dynamic disturb- 
ance required to effect surge. Steady and unsteady distortions combined linearly to re- 
duce surge margin. 

The model was driven to surge by random fluctuations of var 5 dng frequency content. 
The root-mean -square value of the random noise required to surge the model increased 
as its frequency content was increased. Surge always occurred in response to a large 
negative pressure excursion. 

The model was also surged by sinusoidal pressure fluctuations imposed over part or 
all of the compressor face. The amplitude required to ca\ise surge varied over the fre- 
quency range and was a minimum at 100 hertz. 


INTRODUCTION 

In recent years inlet pressure distortion and its effect on compressor stability have 
received much attention. Great amounts of effort have been expended on distortion test- 
ing, correlation of distorted inlet conditions with compr essor surge, development of in- 
dices or descriptors to quantify the distorted conditions, and evolution ol m dels t< pre- 
dict the reaction of the compressor to distortion. 



The models capable of handling distorted inlet conditions have generally been useful 
only for steady -state solutions, Parallel compressor models are most prominent in this 
class (e. g, , refs. 1 to 3). In the studies of references 1 to 3 two or more similar com- 
pressor representations exhausted into a common plenum with a static -pressure balance 
and no flow redistribution. The inlet pressure to one of the parallel compressors was 
gradually lowered until the overall pressxire ratio of that compressor exceeded the im- 
distorted surge pressure ratio. That point was defined as surge; the operating points for 
the compressors were averaged, and the average represented the svirge point of the dis- 
torted compressor. Distorted -compressor maps generated in this manner matched ex- 
perimental data quite well, provided that the distorted area was large. 

Compressors have also been represented by simulation of their internal flow pro- 
cesses, Reference 4 describes a model typical of this class. The single undistorted- 
compressor model includes stage by stage representation of pressure and temperature 
rise plus interstage dynamics. This model can predict siirge when throttled rather than 
depending on violation of a predetermined surge line of an overall compressor map. 

Also, it can accommodate transient disturbances. To date, however, only one- 
dimensional flow can be handled. 

Reference 5 ejrtends the model to include, two parallel compressors with interstage 
dynamics. This model predicts surge for steady-state circumferentially distorted inlet 
flow rather than depending on a predetermined undistorted surge line, as is done in par- 
allel compressor theory. However, the model is implemented on the digital computer 
and has not been extended to include transient analysis because of the prohibitive com- 
puter time required. 

This report presents the results. of an investigation which combined the character- 
istics of the models of references 1 to 5. A second parallel coinpressor was added to 
the stage by stage compressor simulation described in reference 4. The resulting model 
had the ability to handle transient distorted inlet pressures. The reactions of the com- 
pressor to \msteady distortions of varying duration, type (single pulse, continuous si- 
nusoid, or random noise), and circumferential extent and to the combination of steady 
and unsteady distortions were investigated. The effects of engine speed and compressor 
operating point were also examined. 

The data resulting from these tests can be instructive in filtering inlet pressure data 
used to form distortion indices. Filter selection is presently by trial and error; various 
filter cutoff frequencies are tried to determine the best fit of the data. And filter cutoff 
characteristics are completely unspecified and arbitrary. Knowledge of the response of 
the compressor to dynamic distortion coidd lead to a more sophisticated filter design to 
correlate the data better. 
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DESCRIPTION OF MODEL 


A parallel compressor representation of the J85-13 compressor was constructed on 
an analog computer. The two parallel compressors used were not modeled in the same 
manner. One side was the stage by stage model, which has been demonstrated to match 
experimental data well (ref. 4). In this model steady -state performance was repre- 
sented by the pressure and temperature rise characteristics of each stage. The dy- 
namic performance of the compressor was represented by momentum, continuity, and 
energy equations at each stage. Rotational speed was constant. 

The stage by stage model required a large amount of analog computing equipment; 
the other parallel compressor was necessarily modeled more simply. An overall com- 
pressor map having performance equal to the steady-state behavior of the stage by stage 
model was used. Dynamic performance was not represented in this model. 

The discharge flows from the two compressors were summed into a burner volume, 
which in turn discharged through a choked orifice. Burner volume dynamics were repre- 
sented by the continuity equation. Pressures in the burner volume were assumed to be 
equal. This assxunption is corroborated by experimental data given in figure 1. In this 
test, a J-85 engine was run at 100 percent of rated speed with (1) no inlet distortion, 

(2) a 180° circumferential screen on the right side of the inlet (0°-90°-180°), and (3) a 
180° circrimferential screen on the left side of the inlet (180°-270°-360°). The distor- 
tion index for the screen DIST was 0. 12. (Symbols are defined in the appendix.) Total 
and static pressures were measured at foxm circumferential positions at the compressor 
discharge and were normalized by the average pressure. Maximum deviations of the 
distorted cases from the vindistorted case were within approximately 1 percent. Since 
the compressor discharge pressures remained nearly equal in the presence of circtun- 
ferential distortion, the constant burner pressure assmnption can be reasoned to be valid. 
A sketch of the model is shown in figure 2. 

Various extents of distortion were accommodated by varying the relative contribu- 
tions of the discharge flows from the two compressors to the burner volume. 

The d 3 mamic behavior of the stage by stage model has been partially verified. Ref- 
erence 6 presents the results of experimental frequency response testing of a J85-13 en- 
gine and compares these data to stage by stage model results. The results are in rea- 
sonable agreement up to the experimental limit of 100 hertz, with the exception of an un- 
explained resonance in the experimental data at about 35 hertz. Above 100 hertz the 
stage by stage model is vinverified. 
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pr(x:edure 


Throxighout the study the same procedure was used. The parallel compressor model 
was operated at steady state with an inlet pressure of 1 atmosphere and with the desired 
values of speed, extent of distortion, and level of steady distortion, A dynamic disturb- 
ance was then introduced to the stage by stage compressor. The amplitude of the dis- 
turbance was adjusted in successive tests until a boundary between surge and no surge 
was established. 

For this study surge was defined as a nonrecovering computer overload. For surge - 
producing disturbances, divergent oscillations which grew without bound were triggered 
within the model. Overloads occurred when flows became negative. Smaller disturb- 
ances were damped out, and the model returned to steady state. 

Generally, steady and dynamic distortions were imposed on the compressor with the 
stage by stage representation. In a few cases pulses were simultaneously imposed on 
both compressors in such a manner as to maintain a constant average inlet pressure over 
the entire compressor face. 


RESULTS AND DISCUSSION 

The parallel compressor model was tested for the following t 3 ?pes of dynamic dis- 
turbances: 

(1) Single pulses 

(a) Inlet effects 

(1) Pulse duration 

(2) Pulse shape 

(3) Extent of distortion 

(4) Added steady distortion 

(b) Engine effects 

(1) Rotational speed 

(2) Operating point 

(2) Random noise 

(3) Sinusoidal perturbations 

This list includes the parameters which were expected to have an impact on the response 
of the compressor to inlet distortion. Sii^le pulses were chosen since they were analytic 
and readily allowed comparison of different durations and magnitudes. Random noise 
was used because it would be representative of the inlet pressure environment expe- 
rienced by a real compressor. Sinusoidal perturbations were used because they could be 
duplicated in an experimental test to verify the model. 
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Pulse -Induced Surges 


Effect of duration and shape. - Single negative pulses in inlet pressure were applied 
to the stage by stage side of the model to establish the sensitivity of the compressor to 
transient distortion. Three pulse shapes were used, triangvilar, square, and half-sine. 

The pulse amplitudes reqvdred to effect surge as a fvinction of pulse diiration and 
shape are presented in figure 3. For these data, rotor speed was 100 percent of rated; 
there was no steady distortion; and the extent of the distortion was 180°. The curves in 
this figure represent boundaries between surge regions above the curves and nonsurge 
regions below the curves. 

For pulse durations below 0. 002 second, pulse amplitudes for all pulse shapes in- 
creased as pulse duration was decreased. This effect occurred because the interstage 
volumes and fluid momentvim attenuated the short pulses and reduced their effect on the 
compressor. At long pulse durations, the half-sine and triangular pulse amplitudes also 
increased. These increases were due to the ability of the burner pressure to follow or 
track the slowly changing inlet pressure, which reduced the compressor pressure ratio. 
This phenomenon is discussed more thoroughly in the next section. 

For square pulses at durations longer than 0.002 second, surge was triggered by 
early portions of the pulse. Hence, pulse amplitude did not change at the longer 
durations. 

For pulse durations from 0. 0001 to 0.001 second, the curves have similar shapes 
and the spacing between the curves is approximately constant. Since the ordinate is log- 
arithmic, this means that the ratios of the amplitudes of the curves are approximately 
constant over this range of durations. For the five durations tested in this range, the 
averages of the ratios of pulse amplitudes required to cause surge are given by 

I ^^2, triangle 

V AP 

\ 2, square 


. =1.73 


'At=constant 


^^2, triangle 
^^2, half-sine 

Figure 4 shows the three types of pulses used. The areas of the pulses, defined as 



= 1.26 


'At=constant 


area = I j pulse amplitude (t)dt 

[‘'duration 

are indicated. The ratios of the pulse areas for constant duration are 
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triangle _ ^^2, triangle 


square ^^^2 , square 


triangle ^ ^^2, triangle 
half -sine ^ ^^2 , half -sine 


Substituting the average surgii^ pulse amplitude ratios into these area relations gives 


triangle 

area 


square 




0. 87 


triangle Y q. 99 
half -sine/ 

for the range of pulse durations from 0. 0001 to 0. 001 second. The values given here re- 
sulted from tests at 100 percent of rated speed. Similar results were achieved at 80 per- 
cent of rated speed. 

The implication which can be drawn is that at small dxmations the compressor is 
more sensitive to pulse area than pulse shape. For disturbances in this time regime, 
that is, 0. 001 second or less, these pulse amplitudes can be reduced to a nearly constant 
value by usii^ a first-order lag with a 0. 01-second time constant followed by a peak 
reading device. 

A transient recording of a typical surge is presented in figure 5. For this test cor- 
rected speed was 100 percent of rated, and the extent of the distortion was 180°. Flows 
and pressures throxighout the compressor are shown as they responded to a 0. 001-second 
triangular pulse. The data were not reliable after the flows become negative, which oc- 
curred about 0. 0018 second after the initiation of the pulse. 

Effect of extent of distortion . - In addition to the magnitude and dimation of the dy- 
namic distortion, the portion of the compressor face over which the distortion extends is 
important. Triangular pulses were imposed over varying circumferential angles at the 
compressor face to investigate this effect. Figure 2 shows how this was accomplished. 
The relative contributions of the compressor discharge flows to the pressure computation 
in the burner volume were adjusted according to the coefficients shown. 

The results are shown in figure 6. Triangular pulse amplitudes required to cause 
surge for 90° and 270° are compared with those for 180° for a range of pulse durations. 

For pulse durations less than 0. 001 second, the extent of the distortion had no effect. 
This was true because in these short times the burner pressure did not have an 
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opportunity to react significantly and remained essentially constant. In other words, the 
stage by stage compressor experienced nearly identical inlet and exit conditions and 
surged for the same disturbance regardless of its extent. 

As pulse duration was increased above 0. 001 second, the effect of extent of distor- 
tion became more prono\mced. For the longer pulses the pressure in the bimner volume 
was able to respond to the inlet pressure perturbation and effectively tracked it. Thus, 
the pressure ratio across the compressor was reduced, and larger pulse amplitudes 
were required to cause surge. 

The degree to which the burner pressure tracked the inlet pressure perturbation de- 
pended on the extent of the distortion, which set the relative amount of pertimbed flow to 
the burner volume. As shovm in figure 6, the increasing pulse amplitudes required to 
cause surge were more pronounced at the larger angles. 

The burner pressime variation can be minimized by holding the average inlet pres- 
sure constant through introduction of a coincident compensating pulse into the compres- 
sor with the overall map. The compensating pulse was of opposite polarity and was sized 
to give the net effect of no change in average inlet pressiire. Although the compressor 
with the overall map was not modeled d 3 mamically, this test was expected to yield the 
proper trends, particularly for long durations. 

The results of this study are presented in figure 7. The variation in pulse amplitude 
required to cause surge at long pulse durations for extents from 90° to 270° was reduced 
for constant average inlet pressure. Varying average inlet pressure was responsible for 
the extent effect in figure 6. Thus, for inlet perturbations with low frequency content, 
average inlet pressure should be considered in distortion analysis. 

Effect of added steady distortion. - The effect of combined steady and dynamic dis - 
tortion was also investigated. Steady distortion was created by reducing the mean inlet 
pressxire to the stage by stage side of the model. 

In all cases the addition of steady distortion reduced the amplitude of the dynamic 
disturbance required to effect surge. Typical results are presented in figure 8 for tri- 
angular pvilses of 180° extent at 100 percent of rated speed. Pulse amplitudes are given 
as a function of duration and steady distortion. Steady distortion index DIST is defined 
as the difference between the average inlet pressure and the steady inlet pressure to the 
stage by stage side of the model divided by the average inlet pressure. 

It is important to note that the spacing between the cmrves in figure 8 is approx- 
imately constant over the range of durations tested. Since the ordinate is logarithmic, 
this means that the amplitudes differ by an approximately constant ratio which is not sen- 
sitive to pulse duration. Similar results were obtained at 80 percent of rated speed with 
triangular pulses and at 100 percent of rated speed with noise -induced surges. 

A plot of these data is presented in figime 9. The ordinate is the average dynamic 
distortion parameter required to effect surge with steady distortion present, normalized 
by the dynamic distortion parameter required to effect surge with no steady distortion. 
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The abscissa is the steady distortion index with dynamic disturbances present, normal- 
ized by the steady distortion index required to effect surge with no d 5 mamic disturbance. 
The data indicate that there exists a linear relation of the form normalized dynamic dis- 
tortion plus normalized steady distortion equals 1. This relation holds for the triangular 
pulse and noise disturbances tested and for the two corrected speeds tested. 

The information contained in figures 8 and 9 is the essence of the formulation of a 
distortion index. The fact that disturbance amplitudes differ by a nearly constant ratio, 
independent of disturbance duration, implies that it is not necessary to sense duration to 
form an index. Steady and filtered dynamic distortions can be combined to form a single - 
valued index if a filter can be constructed which has characteristics that are the inverse 
of those of the compressor. It should be noted that the sensitivity of the, compressor to 
single pulses as a function of pvilse duration (e. g. , fig. 3) may require a filter more 
complex than a simple low -pass filter. 

Effect of engine speed. - Most of the investigation was conducted at, 100 percent of 
rated ei^ine speed. Tests with triangular pulses of 180° extent were repeated at 80 per- 
cent of rated speed to check the effect of speed. No steady distortion was added. The re- 
sults of these tests are presented in figure 10. Triangular pulse amplitudes required to 
surge the compressor are given as a function of pulse duration. 

The shapes of the ciuwes for the two speeds are similar. Sm.aller pulse amplitudes 
were required to cause surge at 80 percent of rated speed. This was true because the 
operatii^ point was closer to the clean surge line at this speed than at 100 percent of 
rated speed. 

Also, the 80 -per cent -speed curve is shifted to the left, toward smaller pulse dura- 
tions. This effect is attributed to higher frequency response exhibited at 80 percent of 
rated speed by interstage pressures in response to inlet pressure perturbations, pri- 
marily in the front stages. This observation was made on data for frequency response of 
interstage pressures to sinusoidal perturbations in inlet pressure. These data are not 
presented in this report. 

Effect of operating point. - The sensitivity of the pulse amplitude required to cause 
surge to the proximity of the operating point to the clean surge line was investigated. 
These results are presented in figime 11 for triangular pulses with no steady distortion 
at 100 percent of rated speed for three operating points. The operating point was manip- 
ulated by varying the area of the orifice at the discharge of the burner volume. 

The cimves for the three operating points are similar in shape. The spacing between 
the curves (i.e. , the ratios of the pulse amplitudes at a given duration) is approximately 
proportional to the available surge margin at the respective operating points. Surge 
margin is defined in this report as the difference between the clean surge pressure ratio 
(7. 33) and the operating point pressure ratio at constant speed. 
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Noise -Induced S\irges 


The parallel compressor model was surged by imposing random pressure fluctua- 
tions on its stage by stage side. This type of disturbance is representative of distortion 
experienced by a real engine. 

The output of a white noise generator was recorded on magnetic tape to allow test to 
test comparison. The recording was replayed as the disturbance. On another tape chan- 
nel, a starting signal was recorded. This arrangement allowed use of the identical dis- 
turbance for repeated tests. 

The noise signal was passed through a first-order filter of variable time constant 
and a gain before being introduced into the model. The frequency content of the unfil- 
tered noise signal was flat from 16 to 3000 hertz, A schematic diagram of this arrange- 
ment is shown in figure 12, 

The test procedure was to select a filter time constant and gain setting and then to 
play the noise signal into the compressor model for 1 second. If no surge occiirred, the 
gain was increased and the noise signal replayed. This process was repeated until a 
boundary between surge and no surge was identified, A calculation of the root -mean- 
square value of the noise signal was made concurrently with each test, so that the aver- 
age root-mean-square value from start to surge 



p^swrge 

1 j 

0 

t 1 

surge 


would be known. 

The results presented in figure 13 show that, as the frequency content of the noise 
signal was decreased below 3000 hertz, the gain necessary to effect surge increased. 
The trend was toward constant power, especially at low frequencies. This trend is ver- 
ified by the data presented in figure 14, which shows that the root -mean -square value of 
the noise signal was relatively flat in the lower frequency range. As frequency was in- 
creased, the gain leveled off, and the root-mean-square values increased. This effect 
occurred because the compressor was less sensitive to disturbances at these 
frequencies. 

The surges observed occurred at a few discrete instants during the 1 -second tests. 
An oscillograph record of the noise signal revealed large negative pressime excursions 
at these times, which indicated that the surges were due to discrete peaks. 
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Sinusoidal Oscillations 


Surges were also induced by imposing sinusoidal oscillations on all or portions of 
the compressor face. These oscillations were continuous in contrast with previously 
discussed single pulses. For these tests the procedure was to increase the sinusoidal 
oscillation amplitude gradually from zero to that value which effected surge. 

In figure 15 the results of these tests are given as the oscillation amplitude required 
to cause surge when imposed on one -fourth, one -half, and all of the compressor face. 
Engine speed was again 100 percent of rated. 

At low frequencies, which correspond to long pulses, the cvirves fan out because the 
pressure in the burner volume followed the inlet pressure, as discussed in the section 
Effect of extent of distortion. 

In the middle of the frequency range, there was little difference in the surging am- 
plitude for the three extents. At high frequencies, however, the curves separate again 
and show behavior differii^ from that previously noted for short pulses. This can be at- 
tributed to nonlinearities in the stage by stage compressor. The nonlinearity was such 
that the average value of discharge flow from the stage by stage compressor was lower 
with sinusoidal inlet perturbations present than if there were no perturbations. The non- 
linearity was more pronounced at higher perturbation amplitudes. 

The effect of the decrease in average discharge flow was a decrease in burner pres- 
sure. This decrease lowered the operating point and provided more surge margin, so 
that a still greater inlet pressure perturbation was required to effect surge. This effect 
was, of course, more pronounced at the larger perturbed extents, where the contribution 
of flow from the stage by stage compressor was greater. 


CONCLUDING REMARKS 

The results presented in this report are indicative of the types and time regimes of 
inlet pressure disturbances to which the compressor was sensitive and should have bear- 
ing on the manner in which inlet pressure data are treated. If a filter is constructed 
which gives weighting complementary to the response of the compressor, the correlation 
between inlet pressure distortion and loss in surge pressure ratio should be improved. 

The analytical results presented in this report will be difficult to verify because of 
their high frequency content. A disturbance device capable of periodic pressure pertur- 
bations up to several himdred hertz has been tested (ref. 7). A similar device would be 
useful in verification of part of the present results. 
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SUMMARY OF RESULTS 


The responses of a parallel compressor model to several t 3 rpes of dynamic distor- 
tion were investigated. The model was implemented on an analog computer. One com- 
pressor was dynamically modeled by using stage stacking and lumped volume techniques. 
The other compressor was represented by an overall compressor map and included no 
dynamics. Among the findings given in this report which have impact on the design of a 
filter for inlet pressure signals are the following; 

1. The compressor model was less sensitive to single pulses shorter than 0. 002 
second. 

2. For pulse durations less than 0. 001 second, the pulse area for various pulse 
shapes was nearly constant at a given duration. 

3. For square pulses the amplitude at surge was constant for durations of 0. 002 
second and longer. 

4. Pxilse amplitudes at surge for long durations increased, since burner pressure 
was able to follow inlet pressure. 

5. Average inlet pressime had to be considered for inlet pressure perturbations 
having low frequency content. 

6. Steady and dynamic distortions combined linearly to reduce surge margin. 

7. The proximity of the operating point to the surge line had a profound effect on 
disturbance amplitude at surge. 

8. Rotational speed had a second-order effect on tolerance to distortion. 

9. When perturbed by random noise, svirge was always initiated by a large negative 
pressure excursion. 

10. The root -mean-square value of the random noise signal at surge increased as 
the frequency content of the signal was increased. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, November 26, 1976, 

505-05. 
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APPENDIX - SYMBOLS 


DIST 

distortion index, 2, ay 2, min 


P2, ay 

f 

frequency, Hz 

fo 

filter cutoff frequency, Hz 


corrected rotational speed, rpm 

Pb 

2 

pressure in burner yolume, N/cm ; psia 

Pyx 

pressure in yolume after inlet guide yanes, N/cm ; psia 

Pvl’Py2’ Py3’Py4’ 

pressure in yolume after first to seyenth stages, respectiyely, 

P P P 

v5’ v6’ v7 

N/cm^; psia 

P2 

inlet pressure, N/cm ; psia 

^P2 

2 

perturbation in inlet pressure, N/cm ; psi 

P3 

pressure in yolume after exit guide yanes, N/cm ; psia 

P3/P2 

compressor pressure ratio 

t 

time, sec 

At 

disturbance duration, sec 


flow out of burner yolume, kg/sec; Ibm/sec 

Wdx 

flow through inlet guide yanes, kg/sec; Ibm/sec 

Wdl>d2>Wd3^W^4’ 

flow through first to eighth stages, respectiyely, kg/sec; Ibm/sec 

Wd5’Wd6>d7’WdS 


e~ 

extent of distortion, deg 

Subscripts: 


ay 

ayerage 

min 

minimum 

rms 

root mean square 

s 

static 

ss 

steady state 

surge 

occurrence of surge 

Superscript: 


- 

ayerage 
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Figure 3. - Effect of pulse shape on compressor surge. Speed, 100 percent of rated; 
extent of distortion, 180P. 
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Figure 4. - Pulse shapes tested and their area relations. 
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Figures. -Transient recording of pulse-induced compressor surge. Speed, lOOpercent 
of rated; inlet steady-state pressure, 10. 14 newtons per square centimeter (14.7 psia); 
pulse duration, 0. 001 second; extent of distortion, 180P. 
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Figure 5. - Concluded. 
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required to cause surge, required to cause surge, required to cause surge, 
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Rgure 6. - Effect of circumferential extent of distortion on compressor surge with 
average inlet pressure not constant. Speed, 100 percent of rated; triangular.pulses. 



Figure 8. - Effect of added steady distortion on compressor surge. Speed, 100 percent 
of rated; extent of distortion, 18(P; triangular pulses. 



Pulse duration, At, sec 


Figure 7. - Effect of circumferential extent of distortion on compressor surge with 
average inlet pressure constant. Speed, 100 percent of rated; triangular pulses. 
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distortion present to steady-state distortion index 


without dynamic distortion at surge, 


DIST 


DIST 


“ AP2^0 

ss AP2 “ 0 


Figure 9. - Additive properties of steady and dynamic 
distortions. 


.2 ^ 


E -2 

-o ^ 
0 > 2 > < 
«/» 

<2 S 



Pulse duration, At, sec 


Rgure 10. - Effect of engine speed on compressor surge. Extent of distortion, 
triangular pulses. 











Figure 14. - Root-meari-square amplitude ratio of noise signal at surge as functiori of filter cutoff 
frequency. Speed, 100 percefit of rated; extent of distortion, 180P. 



Figure IS; - Effect of circumferential extent of distortion on sinusoidal oscillatiori amplitude ratio 
required to cause surge. Speed, 100 percent of rated. 
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